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Black 19. (continued)
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1. Introduction

1.1. Background Information

Rome Air Development Cen:ter contract no. F1962S.$.8-K.00.13, for which this is the final

report, was first issued to the Space, Telcommunications and Radioscience Lahoratory, or

the STAR Laboratory, at Stanford University on I August 10S,1, and the contract expired oni

31 July 198S. The contract covered two major tasks: First, mea.slroment of the I'lIF/Yl.F

radio noise at Thule. Greenland (T6.52 0 N, 68.810 %V: giaotagnetic coordlat.s -7A5 .. .:

E), using the Stanford 'n1iversity radiometer specilieally constrmeted for nu ise' mi'iarutuh

at that location. Because of the additionl of a Slvcially designed and constructtia LF lilter tqo

the Thule radiometer. these measuremnts could be extended up to frejt t wit ine the lower

part of the LF range, i.e., to frequencies in the range :0-60 kltz. The seconld task rovered

by the RADC contract was to design and construct a compact and highly-sensitive VLF/LF

receiver for balloon us, and, as it turned out, to participate in the experiments involving

the receiver. This latter receiver was completed on schluetle and usel sucecessfilly in two

major balloon experiments to measure and tompare the Tr: and TM radio noise levels at

aircraft altitudes. Since we have reported many of the results of the latter experiments t

URSI meetings [Frrscr-Siith rt od., . Ta. I98] and a paper detailing th,, res-,lis f ohw,

experiments has been submittetl for lablvicatlion [T'lr rl ,i.. ' w will ,, ral,, in

this report on the radio noise neasurements matle at TInuhe.

1.2. The Stanford University Survey of ELF/VLF Radio Noise

In addition to the ELF/VLF radiometer installed at Thule. the STAR Laboratory is oper-

ating seven other radiometers at various locations around the world. including, in )particula,.

one located at Sondrestromfjord, Greenland (66.99 ° N, 50.95- \V: geomagnetic coordinates

76.SG N. :3.So E). Figure I shows the relative positions of the two Greenland radiometers.

Although they are relatively close geographically, they differ signilicantly in geomliagnetic

latitude. Thule is purely a polar cap location, always well to the nlorth of the northern an-

roral zone, whereas Sondrestromrjord is located at the transition hbe'tween the polar cap and

the northern auroral zone. 'mie (istinction may sound academic, bitt it leads to sulstantial

differences in the properties of the malinnetospheric noise, observed at the two site-s.
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Since full details of the global survey of radio noise are given elsewhere U11e4r.Suilh ,uad

Ilcliwdl, 193; Frrmr-Siih c iL, 1987), we will only refer to a few essential details here..\s

describe d in the second reference just cited, each radiometer consists of two iualehannel re.

ceivers, Cach with two crossed too) antennas (East-\est, North.South). One- uf the recreiv,.r,

has a response (i.e., a 3dB bandwidth) covering the frequency range I Iiz-4.7 kliv and t'

other covering the range 100 llz-1.l0 klz. A bank tf narrow-band filters (57 bandwidth)

is used to monitor the noise present at 16 selected frequencies distribiuted approximately

uniformly in a logarithmic sense through the overall freqtteney ran-P of -,peration 0l*4hl 11.

These frequencies were carefully chosen to avoid harinoities of tLte iill IIV, and 0 1t IV I),w,'r

line frequtnies. The output of the filters is continuously sampled and a variety uf statisieal

quantities calculated and recorded digitally on magnetic tape. along with samples of the ra\t

dat- from the filters (typically one sample per second for all 16 filters). Operativn uf each

radiometer is under the cottrol of a mini-computer, which not only comlpittes the statistical

data. but also monitors all essential functions of the radiometer and atutomatically caliblrates

the response of the receivers at regular intervals.

The statistical quantities computed continuously during the radiometer operation consist

of the average. root-mean-square (rms), maximum, and minimum amplitdct., for eatch of ih,,

16 selected frequencies. They are computed -it the end of every mintt, frot hu amnpliitl,

measurements matde at a rate uf 10 per becond on the evnvelope of Lth HOWi sOWig1ial ,iit'r-ilI

from each narrow-baud nilter. These stai-stical ,httt .att be read and listel direv. ,lv. frtit ,i,.

digital tape with no further processing required. Later processing of the data can. with little

additional computation. give (1) the *external toise factor' F, and 12) the 'Voltg.' ,ieviatun,'

or Vd statistic, which is the ratio in dJ of rms to average amplitude and is a measlirt, of

the impulsiveness of the noise data. Similarly, but with somewhat more ccn:puration. thw

sampled data can be used (3) it) derive amplitude J)roidbiLitV distribiioms API's).

Because of our use of loop antennas. our measurements are made on the magnetic lield

of the radio noise, and not on the electric field as was primarily the case in earlier noise

surveys. Our unit of measurement is therefore Lhe tesia (T), or. since the amplitudes are

very small. either the picotesla (pT; I pT = 10- 1' T) or the femtotesla (IT: 1 IT = 10"

T). For comparison with two oier commonly used magnetic fiell units, we also imote that



Table 1. Center frequencies and bandwidths for the 16 channwls of the
ELF/VLF radiometer.

Channel Center Frequency Bandwidth (5%)

ELF system 1 10 liI 0.5 1I!

4 30 1.5

3 so ,1.0

It 133 6.75

5 275 13.75

6 3Z0 19

VLF system 1 500 25

2 750 Hz 37.5

3 1 kliz 50

• 1.5 75

5 .100

6 3 1.30
7 .I ?t100

9 10.2 510

10 32 kllz 1600 lIz

I gauss (G) = 10- 4 T and I garnmna t--) = r09 '. It is certainily not generally tre t-hat

the noise fields measured at our antennas are those associated with plane clectromagnetic

waves. However, the plane wave assum)tion is likely to be a reasonable one for fteq(1wnci('

in the middle and upper part of VLF range, in which case our magnetic field mneasureuments

can be used to obtain the associated ehctr;c field by use of the conversion factor 3.33 iT =

t IV/m.



In addition to the data from the narrow band filters, broad-band ELF data, sampled at a

rate of 1000 samples per second during scheduled synoptic recording intervals (currently otto

minute each hour), are *-lso recorded on tile digital tape. These data can be converte'd to

spectrograms and they provide all essential check on the operation o( the narrow-baud Iilters

and their associatwd measurements. A similar synoptic picture of activity in the VLF range

is provided by analog recordings of the approximate range 200-25,000 liz. To ilhlstrate the

form of these synoptic data, and to provide an introduction to typical lower-ELF noise at

Thule. in Figure 2 we show a digital spectrogram of the lower.ELF uOise recorded in tihe

frequency range 0-100 liz at. "hule during the one minute interval starting 1939:51) I 'T in

4 September 19ST. The spectrogram is derived lby processig the digital data- from oe I.LF

synoptic interval; the data arc fully calibrated and niea urenuettts of anlplitud,. freqtIeltey.

and time can be made directly on any spectral feature. Noticeable are the two strong power

line harmonic lines at 60 Hz and 140 liz (the two horizontal lites) and typkal ELF sferic

activity (the many vertical lines). Although they are not clear in this particular exnmple.

measurements can also be made on the Schumann resonance lines at appro.xiiately '. II.

20. 26. and 33 Iz [Polk. IO$2J.

1.3. Low-Frequency Noise Filter

Because of the interest in the Air Force ill Coltlnunicatioun at frequencites ju1st ;tlamve ' he

VI.F range, i.e., in the lower part of the 11 rane 1:0 -111) Hlm. in !.3 we cotldiutehl it i ut k

to -Zee if it would be possible to modify the standard lI.V.IVLF ratlioneter that was v.) 1he

built and installed at Thuie to provide radio noise statistics at frequencies above the standard

maximum frequency of 32 kllz. \We were reluctant to modlify the basic radiometer des;git to

include the higher frequency measurements, because there is an advantage to having identical

instrumentation when measurements are being made at a uimber of different locations. solt'e

of which are particularly remot. I lowever, we found that the extra LF ineasurenlents eViud

be included without any hardware modifications to the bwsic radionieter unit by bitilini anii

add-on LF filter unit that would take advantage of some uncommitted additional channels

for digital recording that had been included in the origiual radiometer design.

The LF noise filter unit is a special, one-of-a-kind instruiment designed and built, at Stan-

ford University and intended to be used in conjnction with a standard ELF/VLF radiometer
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Figure 2. Digital spectrogram of a one-minnte synoptic interval of lower-ELF

noise (0-400 H1z) recorded at Thule on .1 September 19$7. The spectrogrami

is derived from one of the ELF synoptic intervals routinely recorded at each

radiometer site. The 'ladder' of horizontal lines on the left of the spectrogram is

a calibration signal; the spacing betwemn the horizontal lines is 10 Iz. The two

strong horizontal lines are interference from the local power line system and a

strong sferic can he seen- occurring at al)out -15 s from the start of the record.
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to make noise measurements on VLF and LF signals up to a maximum frequency of 60 kllz.
The filter unit processes broadband VLF/LF signals from the VLF line rmviver in the ra-
diometer. which in its original unmodified form has a flat frequency response extending well
above 60 kHz. The filter unit has a broadband trar.;lator that can move a 2 kllz (or greater)
segment of the VLF spectrum lying anywhere in the range 0-60 klz down to the range 0-20

kllz (or greater) for recording on the analog tape recorder. It also has narrowlonc! filter".
with bandwidths of 1500 lIz and 300 lIz, which cim be centered on any frequency in the

range 0-60 kHz to measure the amplitudes of natural and .ianniade .oi.e. Th.' narrowband
filters in the LF noise filtr contain two identical circuits, one for North-Sout ad. ti,. other

for East-West. thus giving the operator access to both the North-South and East-West com-
ponents of the signals and providing a capability for estimating the direction of arrival of

the signals,

1.4. Previous ELF/VLF Noise Measurtments

As we have pointed out elsewhere (Fmer-Smilh ct al.. 19Tb], there is an extensive
literature on radio noise measurements. Spiulding [1982), in a particularly wide-ranging
review of the noise and its implications for telecommunication sys.em-%. suggests a starting
date of IS96 for this literature. However, it was many years iefore global measlrem., I ~
could be made. and. even then. the frequency ranges cov.red by the studies typically lid not

extend far down into the VLF range. Our presnot knowledge of the worldlwide list ribtui,.n

of radio noise is largely bvsed on the results of the :.aional Bureau of Sta-ndards .tutdy 01-11
was started in 195T [Crichlow, 195T). The results of this study. which include measlrcmeuts

of (1) the global distributior of average noise power levels. usually as characterizedl b~y the

external noise factor F, (2) the statistical quantity V', (3) APD's, and (0) the seasonal
variation of some of the noise characteristcs. form much of the basis for-Report :22, pulblished

by the International Radio Co:sultative Committee (CouitO ('onsultatif hgt.ernational des

Radiocomnmunications, or CCIII.) of the hitt. national Uel.omnuniations I tioi [CCII?.
1964]. This report, together with certain updtates [CC!R, 1982n.b, 19881, provides what

might be ternied the *official' view or radio noise.

Unfortunately, insofar as the ELF/VLF hband is coacerned, the available CCIR radio noise
i.formation has three major weak,,esscs: FiMst, it incorporates few measurements below



10 kHz. Second, although (w . high latitude stations were included in the original noise

surveys, it is not clear that the contribution of magnetoepheric noise to the high latitude

messurevi ts is adequately represented in the summary data. Finally, the timing of the

noise data is quite coarse, since the intervals for which the data are presented are four hours-

long and the summary plots are organized according to the season.

More recent work has helped strengthen our knowledge of radio noise in the ELF/Vi.F

band by partially Ailing some of the Saps in the CCIR data. For example. Macll and

Stone [19631 and M.arwell '1966) provide important information concerning the electric field

amplitudes of the noise below 10 kHz. as well as some indication of the variability of the firldls.

Waet (19671 discusses the CCIR [196.1 data. but also presents additional results for some of

the noise statistics (ll1att and MIzwell. 19571mb). An independent series of measurenirts by

Dinger et 41. [19821 help provide a calibration of the VLF noise data available at that time

as well as providing new information on the noise in the frequency range 1.0-1.0 klt:. APIDs

for the ELF/VLF range have been studied quite carefully and an analytical model developed

[Galeje. 1966. 1967; Field and Lewinstein, 1978). Inclusion of Soviet measurements in tile

CCIR noise models has led to a substantial improvement in their world-wide coverage (CCII.

19881. Perhaps most important from the point of view of the work reported here. syntheses

have been made of all the available information on radio noise as it is observed throtigholt.

the entire radio frequency range. including the ELF/\VLF range as-a sinall -.411.0,t4Lion. whidh

help to place the low frequency noise into a broader perspective and which- provide new

information about its properties. including its overall decline with increasing frequency in

particular (e.g., Spawuldinyi and Ilagn, 19TS; Smith, 1982: Spaulding, 1982; Flock and Smith.

1984; Fmser-.Smith and Helliwell. 198:51.

Although this later work has contributed substantially to our knowledge of ELF/VLF

noise, it nevertheless remains true that few measurements have been made of the APD's. F.,

Ve, or the other ELF/VLF noise statistics. Similarly, the contrihution of magnetospheric

and possibly evens interplanetary ELF/VLF noise at high latitudes remains to be determined.

Finally. with the advent of modern high-speed computers. the timing, statistical-signiicance.

and other computational features of the noise data can be greatly improved. The study

discuss-d h-re was undertaken with the view of filling these gaps.
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2. Thule Noise Statistics

2.1. Data Analysis

In order to provide representative ELF!VLF noise statistics fo r Thole. we ex,'aminl our

data records for the availability of simultaneous data from both Thule and Sondrestrormljord

and, as a result of this examination, we chose the two months June and December 19S6 for
detailed analysis. The June data should be reasonably typical for the northern hemiplihr,'

summer and the December data similarly reasonably typical for the winter. Insofar as tlt!

local ionospheric conditions are concerned, it should be noted that Thule. becai se of its high

latitude, is in continual daylightt during June and in continual darkness during Decelt11ber.

A first check on the quantity and quality of the recorded narrow band statistical ditta for
the two months was made by running off plots of the daily variation. of the one.tninut, rins

amplitudes for all 16 frequency channels. Over 200 data plots were produced and examined.

Although some problems were identified, including, in the December data, (1) interference
from a VLF ionosonde and (2) an interval of ELF interference from an unidentified soiree.

it was evident that there would be adequate data to provide goodi noise statistics for the Lwo

months. The specific data intervals finally included in the study were 0119 VT on 01 .Iic'

through 0504 UT on 27 June, 1986, and 000t !'i on 2 December throtigh 210.1 l'T on :u)

December, 1986.

To illustrate the form of these daily data. and to provide an example of the, .,ree't of"

magnetospheric ELF noise on the noise statistics. in Figures :1-ti we show he daily variations

during 14 June 1986 of the one-minute rms noise amplitudes at Thule for all 16 freg-uney

channels. It can be seen that the daily variations in the lowest frequency channels are quite

small, which is typical for the data we have analyzed. In tile 500 Hz channel (Figure .1) there

is an occurrence of polar chorus (as verified using the synoptic data) during Lite interval 10010-

1900 UT, which converts what would more normally be a period of low lightning-relatA.

or sferic, noise to a period of substantially increased polar clhorims, or magnetospheric. noise.

Before and after the interval of chorus the noise is typical of sferic activity and is quite

impulsive. Tile polar chorus is not confined to .500 lIz: it can also be detected in the T-5

lIz channel and it may also contribute to the increase observed in the 1.5 kilz channel from

1300-1700 UT [(Lngslrup and Jitkeroll, 19631. We can now identify the intervals of polar
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choru by their effects on the impulsiveness of tile noise: apart from the obvious change in

the averages, as illustrated in Figure 4, V* is dramatically affected, dropping to very low

values when magnetospheric noise is present.

Fo!'-inS the analysis of the daily data, average values of all the bsic one-milote Statis-

tical measurements were computed for each of the 1440 one-minute intervals in the day. for

both Thule and Sondrestromrord for June and December 198. The average data were then,

plotted to once again provide an overview of theih quality and as a guide to their further pro-

cessing. Some of these data, for June 19SG at Thule, are displayel in Aplpendix A. Finally.

overall monthly averages were computed for the vArious quantitie'.. Special preesisg was

required for tile December 1986 Thule data, which are contaminated by nois' frm a VI.

ionosond&. The ioaosonde operates on a schedule of two hours osi fullowed by two houll ,'.

starting at 0000 'T. and Figure T shows the eftect on one of our ssoimstatistie. il this ea h

t1. The ionwonde normally increases the noise levels in the frequency Wauids usual for wir

metsureents, but Vj, on the contrary, is suppressed, due to the smaller relative difference'

in amplitude between the large noi.e 'spikes. "which are largely unalfvtetd4 by the ivoi.oondle.

and the average background noise level, which is increwwd by the ioniuoide. In our fin.ml

processing of these December Thule data we ignored all the data recordte during operatiun

of the ionosonde, thus eliminating half of the recordid noise data frun aualysis.

2.2. Results

Our surunar' noise results ar;. larg,'!v presented in graphical form. \We begin by showini

all the average noise anplitiks measured at Thule and Sondrestruinjord for June and De.

cember 1086 (Figures 8-li). It can be seen that there is an overall tendency for the noi..

amplitudes to decrease with increasing frequency, in agreement with previotis nicasiretknts

in the ELF/VLF frequency range [e.g., .l[u axrl ad Slone, 1963: Aiuxriell. 19661. Fr rther.

many sections of the curves phtted inl the figures are approximately linear, suggesting as

underlying power-law variation in agreement with the generalization made by Fsu.Smillh

4nd Iklliwell [19851 following a review of the literature on low-frequency radio noise. Spcif-

ically, these latter wuthors coneuded that there was evidence for an overall underlying f-

variation of low-frequency noise amplitudes. By fitting a power-law variation of the form

A = Af to the curves in the figures, we find that it lies in the range 0.91-1.27 for the
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Thule June data and in the range 0.TT-1.26 for the December data, with the smaller valule.

of n being associated with th larger amplitude plots. The Sudrestrumrjord it-valies ,Io nt

differ markedly, but there is clearly I of a drop.ol of the amnplittids with freque ,cy. For

June n lies in the range 0.O-1.11 and for Dtcenmlxr the rate is 0.,5-1.$S.

Many of the amplitude variations plotted in Figures S-i1, and in later figure. show

evidence of the well-k,'iown ionospheric wavguide cutoff that limits the horizontal sub-

ionospheric propagation of ELP/\'IF waves with frequencies roughly in the rauge 1-: kllz

(C.g.. Walt, 10671. Because of this cutoff. sferics from distant lightnitug are e tioparaivly

more highly attenuated at frequencies at or near the wave-uide cutoir fre up':wy dirt at

other frequencies, with the result that there is a quiet band in tile noise qlpetrun C1a',,utred

on 1-3 kil:.

Figures 8-1l show two marked differences between the Thule and Soudrestromfiord ampli-

tudes. First, it is clear that the Thule amplitudes. are much higher at the lowest frei qnwni,.

(10-30 INl) than the equivalet, Sondr .tromrjord amplitudes. Every test we have carried

out on the Thule data indicates that the noise at these low frequencies is uncontaminated Iby

man-made noise and that the radiometer is fuictioning corrmctly as it wasur,.i the noise.

We cannot eliminate th, possibility of at iustruuiietal elrect or muaulad e SC latis : inm.

but it appears unlikely. The scond liference is tihe ,x'ist-ene or a lar-,, hump in Ih' av.rai,.

rms. and minimum curves in t, frequwcy raw-,* 75m1 hi.-:|. kN . ON. i.., within: u. wav,.'-,ill'

cutoi range. that is missing in theo tinlrestromuljord ,ala .. \\' nitiall ;icrilsl hi hutmp ',

the effects of magnetospheric noise. or. more sptxifically. to the ocurrence of ,1)$.,r chorus.

as was seen in Figure .1. llow.ver, further analysis showed that there were manv similar

occurrences of polar chorus at Sindrestromljord, where the noise statistics display little evi-

dence of such a hump. Further. spectrogranis f the analog data recorded at ThIule r,,v,'ah,,I

exceptionally strong power line harnmonies in the frequency range 1-2.5 kliz. This latter

range is a transitional one for our iniasurement systLem in whiCh the 5'X bauilwidths ,f MIr

narrow-band filters nec,.ssarily hbein to include so me power line harmnoics. wheroas u lower

frequencies the bandwidths are narrow enotigh for the harmonics to be excluded (sec Tbdue

1). \We now largely attribute the hump in the Pthule noise measurements to interference from

power line harmonics.
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Thule ELF/VLF Noise Ampliludes (Junt 1986)
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Figure 8. Variation of the Thule ELF/VLF noise al pliitmdhs with frfliu'ncy for

the month of June 1986. Overall monthly average valu"c for the ma.xiiun. rms.

average, and minimum one-minute noise amplitudes for each of the 1d narrow-

band frequency channels are shown.
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Thule ELFIVLF Noise Amplitudes (Dec 1986)
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Figure 9. \Variation of tie Thule ELF\/VLF noise amplitudes with freque.nrty

for the month of December 19S6. Overall monthly average values for the maxi-

mum, rms, average, and minimum one-miute noise amplitudes for cachi of ic

16 narrow-band frequency channels arc shown.



Sondrestrom ELF/VLF Noise Amplituda (June 19%)
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Figure 10. \Variation of the SondrestromfjorI ELF/VLF noise ampliliu'es with

frequency for the month uf June 19S6. Overall monthly average values for the

maximum, rms. average. and minimum one-minute noise amplitudes for each of

the 16 narrow-band frequency channels are shown.
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Figure 11. Variation of the Sundrcstrotnfjord ElIl'/VLF toise aillpli Litkip with

frequency for the month of Dccember 19SO. Overall mionthlly average valuies for

the maximum, rmns. average, and minimum one-minuite noise amplitudesi for e~ach:

of the 1,6 narrow-band frequency channels are shown.
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Figures 12 and 13 provide dilfereatt informationi about dhe average noise amplitiudes at
Thule and Sondrcstromfjord. In these figitres we plot, for elt frequincy clumnel, Lit- max-

* imU11t onle-11iiute averagec noise amp~litude measuired dluring .Jime 19*6 Lilt- overall nvt'raget

onle-Iuilute alliLude, and tle muinimnum one-minute aerage ampjlitude. tin uther words,

we only consider tho one-minute average (lat.. T1he figutres show that, there is more of a

spread in Lte average amplitudes measure-1 -it Sondrc-stromrjord, but otherwise ther' is litle .

difference between the three ampli tudte curves platted for each location.

Continuing with the comuparisoni of the amplitilde (lata. ill Figures I'illn 15 we pluut . fr1

bothI Thule and Somiirest ro idjord, and for each of the. Wi freteey Cha:,:utIs. Lilt- overdIl

one-minute maximulm am pi itde. the overall average a imuphi titte, aind thle over.all onle- mum'.'l

minimium amplitude for December 11.1SG. The curve-, give an indic:,tion of thv. overall ram-4

of the amplitude measurements at each freq~uentcy. interestingly, tihe sp~read is greater in I lilt-

Sonmetromjord measurements, primarily becauise Lte overall maximums ire larger thanu,

thome at 'rhui. SondrestromrJorl also has a comparatively large dip in its uveradl miinimm

amplitutites in the frequency range '2-S kliz.

It is interesting to intercompare sonic of the 1986 Thule avera.geP aimplituide data dispjy-iiyr

in the preveding ripires. We mal't'. this Cunliparisonl ill Figiulre W i. which 1iow' ilhe rfuui.u :
variations of the average maximium. overall average. and average miniumi 1:iie .umlpU' i-

for June and December. A\thutt-di tluere are some devirioio at certain fre'quenrieN inllit

VLiF range, the plots in Figure W)~ show tat h'it( *u'piiem 1.0end Eu IWp luw4'r ill

DecTember (northern homis!'here winter) thanu in .Junie (Fuimr). This resulit is ill accord

with .neasurcments at lower latitudes (e.g., 11,701, 19671, and it is a consequence of lite

comparative rarity of thunderstorms iii khe northern hemisphere during its winter season.

As a inal illustration of thle 1986 imi mua SO:,dr'steummtord Af11 )liUld.ta. ill Fi.gine'-

17 anid 1S we dlirctly compare Lit! frequiency variationi of Ltme average one-minute mioi~v

amplitudes measured at the two locations dutring tile two dien montits ThieVNe datal SIIOW

* quite a remarkable correspondence b~etweeni the noise amplitudes. once allowance is madte

(1) for thle peak iii thim. [hil (lilt., i, Lte band 7.50 liz-3.0 khlz (lue to magtletosplheric noUise

*and (2) for Lte larger noise levels in thle range 10-50 H~z at Thifle. There is a particularly

close correspondence bf-tweemi the measured noise amplitudes at thle highest frequencies.



Thule ELF/VLF Noise Ampliitdls (June 1986)
10

4

10 3 

;v ,

S101

S loo

1°0

N 10*2

10.3

100 1o 1o2  1o3  104 os

Frequency (l1z)

Figure 12. Variation of the Thule ELF/V'LF one.minute average a.nlplitudes

with frequency for the mouth of Jime 1986. The maximum average amlplitlt,'.

the overall average amplitude, and the minimum amplitude are plotted for eah

of the 16 narrow.band frvcpuency channels.
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Thile Nia.xin Amplitudes (Dee 1986)
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Figure 1.1. Variation of the Tlhule overall maximum and miimun one-miiaiti

amplitudes with frequency for the month of December 1986. 'he overall ibaxi-

mum one-minute amplitude, the overall average amplitude, and the overall mini-

mum one-minute amplitude are plotted for each of the 16 narrow-band frequncIy

channels.
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Sondrestrom Nfax/Nfin Amplitudes (Dee 1986)
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Figure 15. Variation of Lhe Sondrestromfjord overall maxintin and minini m

one-minute amplitudes with frequency for the month of December 19q. 'lhe

overall maximum one-minute amplitude, the overall average amplitude. and the

overall minimum one-minute amplitude are plotted for each of the 16 narrow-band

frequency channels.
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Thule ELFIVLF Noise Ampj)iftides (Jun/Dw, -1980)
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Figure 16. Comparison of the .1tune and Decempber 1986 variations of soeof

the Thule ELF/VLF noise amplitudes shown in the preceding figures.



Thule/Sondrestront Noise Anhplifi(ds (June 1986)
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Figure 17. Comparison of the overall average noise amphLttdes nmcatilreI AL

Thule and Sondrestromjord during Juine 1986.
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Thule/Sundrestrom Noise Ampliltudes (Dc 1986)
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Figure 18. Comparison of the overall a'erage noise amplitudes ncasirel at

Thule and Sondrestromrfjord during Deccmbcr 1986.
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We now make a brief comparison of the Thule overall noise amplitudes measured in June

1986 with those measured during June 1988. The 193 noise data were processed in exactlyv

the same way as the 1986 data, with the exception that it was necessary to remove the

intervals contaminated with onoonde noise in the 1988 data. One other difference is the

computation of a noise amplitude at 41.0 kliz in the 1988 data. This latter amplitude is

not as reliable as the others, since there was interference in the 41.0 kilt channel during the

month analyzed, but we believe it is still a reasonbly accurate estimate. Figure 19 shows

the frequency variations of the two sets of data, and it can be seen that they are very clnsly

similar, indicating little time variation in the noise data. It can also 1w xen that the noise

amplitude at 41.0 kltz is in good agreement with the adjacent value for :12.0 kllx.

We now end this results section with a presentation of 1"' data, starting with Figure, 20)

and 21, showing, first. the overall average values for the maximum, average, and minimum

measured values of 1,j at Thule for June 1986. The second of this pair of figures (Figure

21) shows the same data for Sondrestramlord. The effect of the inferred power line har-

monic noise in the 750 Hz-3.0 kHz band is particularly evident in the Thule data. where all

values of Vd are greatly reduced. However, it is also interesting to see a similar dip in the

Sondrestramrjord average minimums. although it is absent in the average maximum ampli-

tudes and is only very slightly evident in the overall average amplitudes. This latter result

may well indicate a small contribution from magnetoipleric noise at .o.drestromljord..ii.'

the generally well-defined waveguide cutolf minimum in the amplitude data sugg tst that. tl.

Sondrestremjord data are relatively free of power line harmonic interference. If we ignore

the influence of the power line interference on the Thule Vg amplitudes, it can be seen that

there is a gradual increase with frequency, with the values at 32 kliz being roughly a factor

of 10 larger than those at 10 Hz.

The next pa;r of figures. Figures 22 and 2:3. compare tie huie ani Sondrestrolnfjord

overall average V,'s for June and December 1986. The two figures are very similar and ilhe

two curves in each figure are also clo.sely similar, except for the distinctive mininmm in the

Thule values due to the power line harmonics. At the highest frequencies the valutes of 1'

are nearly identical.

Finally. in Figure 24 we compare the Tule Vt amplitudes measured during June 1986
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Thule ELF/VLF Noise Amplitudes (June 1986 and 19M8)
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Figure 19. Cumparison of Lhe overall average noise amlpliLtdes ,measitred at

Thule during June LOSO and two years later dluring .Jine 19)5. liclude'd inl thie

latter set of amllit udes is a measurement at .11.0 kliz made with the IF fllltr

attached to the Thule radiometer.
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Thule ELF/VLF V-d Amplitudes (June 1986)
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Figure 20. Variation of the Thule ELF/VLF t ,* amplitudes with frcI'ency

for the month of June 1980. Overall monthly average values for the naxiIluimil.

average, and minimum one-miite V 's are shown for each of the 16 narrow-l)aild

frequcucy channels.



Sondrestrom ELF/VLF V-d Amplitudets (June 198(s)
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Figure 21. Vairiation with frequenicy of V at Soadrestromfjord fol. tle~ m1oulth

of June 1936. Overall nmonthly average valuies for tile maximum, averap~. and

minimum one-minute Vt's are s!,own for each of the 16 narrow-band freuncy

channels.
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Thule/Sondrestrom V-d Amplitudes (June 1986)
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Figure 22. VariaLions with frcquecy of the Overall, e.r" values of" I l itlasu'ed

at Thle and at Sondrestromjord (luring Jime 1986.



34

Thult/Sondrestront V-d Amplitudes (Dec 1986)
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Figure 23. Variations wit~h frequency of tihe over'all 'raevalues of V, measired

at Thule and at Sondrestromjord during Decemb~er 1986.
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with those measured during Juue U198. There is little difference between the two sets of datA,

just as there was little difference between the average amplitudes, inlicating little variation

of Ig with time over the two-1var interval.
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Thule Vd Amplitudes (June 1986 and 1988)
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Figure 24. Comparison of the variations with frequency of the overall average

values of Vj measured at Thule during June 1986 and June 1988.
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3. Discussion

The data we have presented give a good picture of the levels of ELF/VLF radio noise

at Thule during June and December, 1986. Further. the comparison of the Thuale and

SondrestrottfJord data gives some indication of their geographical variation, or perhaps more

relevantly here, their geomagnetic variation. We find that the ELF/VLF noise amplitudes

tend to vary inversely with frequency, in accord with the results of earlier studies [e.g., Fruser.

Smith and Aielliell, 19851, whereas the I noise statistic tends to increase with frequency,

indicating that the noise becomes increasingly imlpulsive at higher fre;puencies. We have also

identified an anomalous variation in the Thule noise statistics in the range T50 llz-3.0 klz.

which we attribute to power line harmonic interference.

Magnetospheric noise (or. more specifically, polar chorus) in the frequency range .500-1500

Hz is clearly a factor in our measurements at both Thule and Sondrestroinrjord, but it does

not appear to have a major impact on the noise statistics we derive from the ineastrements.

However. there are several reasons why further noise measurements are needed at Thule and

Sendrestromfjord before any general conclusion about the influence of magnetospheric nloise

on the noise statistics is feasible. First, it is unclear how much of the contribution from polar

chorus is masked at Thule by the power line harmonics. Second. otur measurement intervals

did not include any periods of auroral hiss. the other predominant form of magnetospherie

noise observed at high latituidt.-i (e.g.. Jorgensen. 19661. Finally. studies of the solar-ycl,

variation of ELF/VLF magnetospheric noise are lacking, presumably due to the difficulty of

making long-term measurements of radio noise at high latitudes. and thus our measurements

may well have been made at a stage of the solar cycle when the occurrence of magnetospheric

noise at Thule and Sondrestromjord was atypically low. Because the electromaglietic sig-

nals and the energetic charged particles with which they interact in the tfagnetosphere are

strongly influenced by solar activity, it is likely that the magnetosphleric noise measured at.

high latitudes varies widely during the solar cycle. These uncertainties need to be resolved

by further measurements.

Similarly, the apparently anomalous high level of noise at Thule in the range 10-50 lIz

needs further investigation. As we pointed out, the noise does not appear to be either man-

made or instrumental. but we have difficulty explaining the large difrerence between the
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Thule and Sondrestromrjord amplitudes at such low frequencies.

The Thule data we have compared for June 1986 and June 1988 (Figure 19) suggest

that there is little variation in the noise statistics from year to year. This is potentially an

important result, but, as pointed out above, much further data analysis is nced before the

time variation of the noise statistics can be established with certainty. We hope to invetigate

the long-term variation of the statistics further as measurements with the Stanford University

radiometer array proceed.
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Appendix: Thule Average Data
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Figure Al. Overall average variation for the month of .11c, 1986 of the, one-
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Figure A2. Overall average variationi for the mnith of .Jtic 1986 of the onet-
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Figure A8. Overall average variation for the month of June 1986 of the o11e-
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